This study investigated the effects of target distance (30, 35, and 40 cm) and the color of background lighting (red, green, blue, and yellow) on the duration of movements made by participants with low vision, myopia, and normal vision while performing a reaching task; 48 students (21 women, 27 men; M age ¼ 21.8 year, SD ¼ 2.4) participated in the study. Participants reached for a target (a white LED light) whose vertical position varied randomly across trials, ranging in distance from 30 to 40 cm. Movement time was analyzed using a 3 (participant group) Â [4 (color of background lighting) Â 3 (movement distance)] mixed-design ANOVA model. Results indicated longer times for completing a reaching movement when: participants belonged to the low vision group; the target distance between the starting position and the target position was longer (40 cm); and the reaching movement occurred in the red-background lighting condition. These results are particularly relevant for situations in which a user is required to respond to a signal by reaching toward a button or an icon.
Introduction
In everyday tasks, people must often reach for and touch or grasp objects that are located less than a meter away (Wilmut & Wann, 2008) . For example, such movements are required in tasks such as dialing a telephone, locating and taking items from a crowded shelf, or making a cup of tea. For those with normal vision, hand movements toward the visual target are easily executed, but for people with visual impairments, accurate hand movements may pose significant difficulties due to the lack of important visual feedback. To successfully reach for or grasp a visual target, people shift their eyes well ahead of the hand, often moving to a new object before the hand has acquired the first target object (Hayhoe, 2000; Land & Hayhoe, 2001) . Such hand movements are usually accompanied by saccadic eye movements that require rapid and repetitive coordination of the eye, head, and hand (Suzuki, Izawa, Takahashi, & Yamazaki, 2008) .
The hand movements involved in reaching for an object of interest require a series of sensorimotor transformations that map the designated hand location to an appropriate pattern of muscle activation (Schu¨tz & Schack, 2013) . To guide the hand to the target, the eyes often fixate on the peripheral target well before the arm movement is completed (Abrams, Meyer, & Kornblum, 1990) . This process helps people obtain the information about both the position of the target and the hand relative to the target (Elliott et al., 1993) . People continually gather information across sequences of several saccades, using this information to plan the next hand movement, and then visually guide the hand toward a particular target (Aivar, Hayhoe, Chizk, & Mruczek, 2005; Mennie, Hayhoe, & Sullivan, 2007) . Both visual and non-visual information are known to be used in conjunction during the performance of such tasks, suggesting that the control of hand movements relies on a direct comparison btween the position of the target and the seen (visual) and felt (proprioceptive) location of the hand (Desmurget et al., 2005) . Reaching a visual target initiates a series of processes that serve to identify the target and its location and transform this information to excute an appropriate hand movement (Proteau, Roujoula, & Messier, 2009 ). Each of these processes takes place within the context of numerous uncertainties, including the initial location of the hand, the location of the target in the workspace, and the state of the motor system. Existing research suggests that visual feedback pertaining to the moving effector is continuously processed to ensure quick and efficient correction of one's movements (Proteau et al., 2009) . Thus, continuous visual monitoring of the moving effector contributes to the successful achievement of the task (Fornos, Sommerhalder, Pittard, Safran, & Pelizzone, 2008) .
When probing the people's ability to execute a reaching movement toward a visual target, many researchers have focused on the trade-off between speed and accuracy (Schmidt & Lee, 2005) . A classic study by MacKenzie (1992) based on Shannon and Weaver's (1949) original information theorem proposed the following equation for relating movement time (MT) with the distance (D) and target width (W) of two-dimensional movement: MT ¼ a + b Â log 2 (D/W + 1), in which a and b are empirically derived constants, D is the distance moved, and W is the width of the target. With this model, the targets that the participant should select are visually indicated, while systematically varying the width of targets and the distance the participant must move to reach a target. This equation showed that the mean movement time involved in executing an aiming or reaching task corresponds to a constant period of time that can be predicted for a given individual carrying out a specific task on the basis of target size and target distance (Hertzum & Hornbaek, 2013) . The above-mentioned equation is used to model the act of pointing, both in the real world, for example, with a hand or finger, and on touch screens.
Aside from target size and target distance, the availability of visual feedback is an important factor known to affect hand movement kinematics and perfomance (Elliott et al., 2010; Khan, Sarteep, Mottram, Lawrence, & Adam, 2011; Reilly, 2011) . Visual feedback provides information that helps people visually monitor the endpoint location of the first target to adjust the parameters involved in a second movement (Khan, Lawrence, Buckolz, & Franks, 2006) , leading to more efficient implementation of the second movement by reducing the need to modify its parameters (Khan et al., 2011) . Reilly (2011) examined the effects of several human and technical factors on target selection when people were required to use a handheld pointer to point at physical objects in a room without receiving any visual feedback. The results indicated that, under these circumstances, relative target size and orientation, as well as postural constraints on pointing behavior, all affected consistency across people in the selection of the target end point. Khan et al. (2011) investigated the effects of visual feedback on movement time, movement errors, and limb trajectory kinematics by comparing conditions with and without visual feedback. Their results indicated that vision was used within each movement segment to correct errors in limb trajectory, with visual feedback from the first movement segment used to adjust the parameters of the second segment. Additionally, the availability of visual feedback reduced the high degree of variability seen in the no visual feedback condition in movements between the first and the second target. These results indicate that people exhibit substantial improvement when they have access to visual response-associated feedback during limb control (Elliott et al., 2010) .
For the most part, these studies recruited participants with normal vision. Their visual acuity is different from people classified as having low vision, i.e. those whose visual acuity is lower than normal, and who are considered to be visually impaired, but not blind. Such visual impairment may result in differences in hand movement kinematics and perfomance relative to people with normal vision. However, few studies have investigated the effects of visual acuity (normal vs. low vision) on hand movement performance. Moreover, although several studies have investigated the various consequences of target distance (Hertzum & Hornbaek, 2013; Young, Pratt, & Chau, 2008) and task environment (Grierson & Elliott, 2009) , little work has been done to study the interactions between visual acuity, target distance, and task environment. In the current study, participants with visual deficiencies were recruited to investigate difference with respect to movement time among participants with low vision, myopia, and normal vision under various target distances and task environment conditions. The potential contribution of the current article is the investigation of the effect of the quality of vision on goal-directed actions. Specifically, the questions were whether (1) movement time in a reaching task is influenced by the target distance or task environment (i.e. background lighting color), and (2) whether reaching performance indicates an interaction among the three independent variables of visual acuity, target distance, and task environment.
Hypothesis 1: Movement time will be shorter for nearer targets than for farther targets.
Hypothesis 2: Background lighting color will significantly affect the movement time in a reaching task.
Hypothesis 3: Movement time will increase when participant's visual acuity decreased.
Method Participants
Participants were divided into three groups based on their level of visual acuity. The first category (i.e. the low vision group) included 16 participants who were recruited from Tamkang University and National Taipei University through the universities' resource centers for the visually impaired. There were 10 women and 6 men ages 20 to 24 years (M ¼ 22.5, SD ¼ 2.8), and all had vision loss ranging from severe to profound (<20/200 best corrected visual acuity and/or <20 visual field). The second category (i.e. the myopia group) consisted of 9 female and 7 male college students with severe nearsightedness (ranging between 600 and 800 , i.e. between À6.0 and À8.0 diopters), recruited from Ming Chuan University, and between the ages 20 and 24 years (M ¼ 22.1, SD ¼ 1.7). The third category (i.e. the normal vision group) included 6 female and 10 male college students with vision in the normal range, also recruited from Ming Chuan University, and between the ages of 20 and 23 years (M ¼ 21.9, SD ¼ 1.8). All participants in this group were tested with visual acuity above 16/20. All participants performed a test of color vision based on the Ishihara color test plates, and none exhibited deficiencies in color perception. They also reported no other sensory or motor deficiencies. Participants were paid 400 New Taiwan dollars for their participation.
Stimulus materials and design
The current experiment investigated two independent variables: The color of the background lighting and movement distance, which corresponded to the distance between the target light and the starting position. Four background lighting colors were used: red, green, blue, and yellow. These four colors were utilized according to the opponent-process theory which was developed by Hering (1977) . Table 1 lists the CIE (Commission Internationale de l'Eclairage) color coordinate values (L (cd/m 2 ), x, y) for these lights. The horizontal distance between the first target LED and the first background light is 2.0 cm and the interspace of background lightings is 2.0 cm too. Three levels of movement distance were employed: 30 cm, 35 cm, and 40 cm. These distances might be the distances participants commonly used to push a button or get a cup in the real world. The background lights used in the present experiment were 5 -W LEDs and the target (width of target is about 0.5 cm) was a white 1-W LED light. Movement distance and background lighting were implemented as withinsubjects variables. Thus, 12 stimuli (4 background lighting colors Â 3 movement distances) were presented to each participant. The presentation order of these stimuli was counterbalanced among the participants.
Participants sat at a table (75 cm in height) and completed the reaching movement test using the index finger of their right hand. Reaching movements were performed from the "home" or starting position (10 cm from the edge of the table) to a target light. Three target lights were affixed to a plate on the table. The vertical distance between the starting position and the target that was nearest to the participant was 30 cm, and the distance between the starting position and the farthest target was 40 cm. Four background lights were located on each of the two sides (right and left) of the middle target. The locations of the background lights were balanced so that on the left side, beginning with the light nearest to the middle, the lights were red, green, blue, and yellow; on the right side, the lights, beginning with the light nearest to the middle, were yellow, blue, green, and red. In any given background lighting color condition, the relevant background lights on each side were illuminated prior to the target. The temporal lag between the background and target lights was about 3 seconds. A head and chin rest were used to control the viewing distance. Participants performed the test binocularly. An illustration of the experimental environment is shown in Figure 1 .
Procedure
At the beginning of the experiment, participants were provided with instructions that familiarized them with the experimental procedure. Participants completed three practice trials prior to performing the experimental trials. All participants were tested individually in a quiet experimental room in which the light level was set at approximately 300 lux. Participants were asked to put their index finger on the starting position after being seated at the table. The experimenter announced the beginning of each trial by uttering the word "attention." After 2 seconds, the background and target lights were illuminated in succession. Participants were instructed to move their index finger to the illuminated target as quickly and accurately as possible once the target was illuminated, and to press the target to extinguish it. Reaching movement actions were recorded by a digital camera mounted above the table. Participants' reaching time was analyzed by the Adobe Premiere Pro 2.0 software. Participants were required to place their index finger on the starting position once again before the next trial was initiated. Participants repeated this procedure until all 12 stimulus trials were completed. Each participant spent a total of approximately 15 minutes completing the test.
Data analysis
Reaching performance was analyzed in terms of movement time, i.e. the reaching time as measured in seconds. Movement time was analyzed using a 3 (vision group) Â [4 (color of background lighting) Â 3 (movement distance)] mixeddesign analysis of variance (ANOVA) model. Data were obtained for 12 trials and entered into an ANOVA, carried out using SPSS software (SPSS Inc., Chicago, IL). Table 2 presents the means and standard errors for all parameters. The main effect of vision group on reaching time was significant, F(2,45) ¼ 16.00, p < .001, partial Z 2 ¼ 0.42. Multiple comparisons indicated that reaching time for the low vision group (M ¼ 1.04, SE ¼ 0.06) were significantly longer than those for the groups with myopia (M ¼ 0.75, SE ¼ 0.06) and normal vision (M ¼ 0.60, SE ¼ 0.06), but that the difference between the latter two groups was not significant, thereby supporting Hypothesis 3.
Results
There also was a main effect of the color of background lighting on reaching time, F(2.63, 118.46) ¼ 3.56, p ¼ .02, partial Z 2 ¼ 0.07). A Bonferroni post-hoc analysis showed that reaching times for red background lighting (M ¼ 0.84, SE ¼ 0.03) were significantly longer than those for blue lighting (M ¼ 0.76, SE ¼ 0.03); however, no significant differences were observed among red, yellow (M ¼ 0.79, SE ¼ 0.03), and green lighting (M ¼ 0.78, SE ¼ 0.04), or among yellow, green, and blue lighting, thus, Hypothesis 2 was supported as well. A main effect of movement distance on reaching time, F(1.78, 79.93) ¼ 50.57, p < .001, partial Z 2 ¼ 0.53) was observed. A Bonferroni post-hoc analysis showed that 40-cm distance (M ¼ 0.88, SE ¼ 0.04) elicited longer movement times than the 30-cm (M ¼ 0.68, SE ¼ 0.03) and 35-cm (M ¼ 0.82, SE ¼ 0.03) distances; moreover, the 35-cm distance yielded reaching times that were greater than those obtained for the 30-cm distance, Hypothesis 1 was also supported. 
Discussion
The results showed that reaching times by participants with normal vision and myopia were shorter than those by participants with low vision. This result is consistent with the expectation that visual acuity has a significant effect on performance during the reaching task, resulting in longer reaching times when people are unable to use visual feedback or when their ability to use visual feedback is compromised. This result is similar to those of several previous studies (Adam et al., 2000; Elliott, Binsted, & Heath, 1999) in which participants required more time to reach or point to a visual target in the absence of visual feedback. Thus, the utilization of visual feedback appears to affect the kinematics and perfomance of hand movement (Elliott et al., 2010; Khan et al., 2011; Reilly, 2011) , suggesting that vision plays an important role in processing visual feedback information pertaining to the target's location and hand movement kinematics (Adam et al., 2000; Desmurget & Grafton, 2000; Khan et al., 2006) . Visual capabilities are used to correct errors in the limb's trajectory, as it approaches the target within each movement segment, and also to help the participant modify the actions involved in the second segment, taking into consideration the location of the endpoint of the movement relevant for the first target (Khan et al., 2011) . When the primary sub-movement undershoots or overshoots the target, a time-consuming corrective sub-movement is necessary. This fine-tuning regarding the implementation of the second segment is likely based on a forward model of internal feedback loops, whereby the endpoint of the first segment can be predicted in advance of the termination of the movement (Desmurget & Grafton, 2000) . Participants with normal vision and myopia are able to process visual feedback information accurately and efficiently, resulting in reduced hand placement errors and a consequent need for additional fine tuning with respect to the second segment. They quickly learn to use visual response-associated feedback for limb control (Elliott et al., 2010) . However, participants with low vision cannot successfully process visual feedback information due to their reduced visual acuity, and as a result, are less able to efficiently fine-tune the second segment, requiring them to spend additional time in modifying the amplitude of the second segment during a reaching movement. These results can be good reference for designing control button and planning the location for people with different levels of visual acuity. In addition, a significant interaction between color of background lighting and vision group on reaching time was found, indicating the effect of background lighting on reaching time for myopia was more than those for low vision and normal vision. One explanation for this is the myopia who caused by the cornea or lens being too curved for the length of eyeball, leading to have a change of position and the shape of the lens, so that the focal point on the retina differs in myopia from the two in low vision and normal vision participants, which causes a changed use of three kinds of cones (Schlacht & Brike, 2010) . This interpretation is supported by Chang, Tsai, and Chen's (2013) argument that the average visual evoked potential pattern derived from stimulations by myopia participants showed that peak N2 latency and peaks P1 and P2 amplitude had significant variation among red, green, and blue color. There was higher P2 amplitude response by red color than the other two colors.
The results indicated that target distance significantly affected participants' reaching times, demonstrating the simple physical fact that the greater the distance between the starting point and the target location, the longer the reaching time for the resulting hand movement. This result is consistent with Fitts' law and is also consistent with the results of previous studies indicating that movement time increases with increased movement distance, as the hand must travel further to reach the target (Thompson, McConnell, Slocum, & Bohan, 2007; Young et al., 2008) . In this reaching task, participants' eye movements are initiated and completed more quickly than are limb movements (Carlton, 1981) , providing them with information about the position of both the target and the hand relative to the target before the reaching actions are completed (Elliott et al., 1993) . Thus, a visual feedback loop is created when participants look at the target, thereby decreasing corrective sub-movements and increasing the accuracy of reaching performance (Adam et al., 2000) . Obviously, the role of vision in modifying limb trajectories within each segment may play a critical role in the transition between segments (Khan et al., 2011) . For example, Khan and Franks (2000) suggested that participants' limb trajectories become faster and more asymmetric when the reaching task is performed with full access to visual information, reflecting an effective visual feedback-based strategy that allows the limb to approach the target more quickly. The utilization of visual feedback is used to reduce discrepancies between the limb and the target position (Elliott et al., 2010; Khan et al., 2011) .
People with low vision and myopia find it difficult to differentiate the location of the farthest target from that of the nearer targets; moreover, participants with visual deficiencies may also take longer time to process visual feedback when the target is presented at a greater distance from the starting point (Welsh, Higgins, & Elliott, 2007) . Consequently, when the target distance is relatively long, more time is required by participants with low vision and myopia to reduce feedback-based errors during hand movements, as evident in the results indicating increased reaching times for longer target distances compared with shorter target distances.
The data analysis showed a significant effect of color of background lighting on reaching time, indicating that reaching times were significantly longer for red background lighting than they were for blue lighting. Two explanations may account for the present finding. First, participants' visual processing of reaching movements requiring online control may have been disrupted to a greater extent by red background lighting than by blue lighting. Such visual processing is needed to allow participants to accurately perceive the target's location or to accurately correct submovements. Disruption to these processes under red lighting conditions would reduce reaching performance (Williams, Grierson, & Carnahan, 2011) and lead to increased hand tremor activity (Nakshian, 1964) . Second, the visual environment with red background lighting may have elicited a distinct affective state in which positive affect was reduced, and additionally, the red background lighting may have a strong emotional effect that then in turn affects the organization of hand movements, thereby resulting in poorer reaching performance (Williams et al., 2011) .
Conclusion
Overall, the results demonstrate that participants' visual acuity affects performance on reaching movement tasks; moreover, it also affects performance on reaching movement tasks in which the color of background lighting is implemented as visual noise. Among participants with reduced visual acuity, reaching movement kinematics became less efficient, resulting in longer reaching times. Furthermore, participants' reaching times were longer when the reaching task involved red background lighting compared with blue background lighting. The findings of this study may contribute to improvements in reaching performance in real work situations by prompting consideration for the effect of visual impairment and by evaluating the relative effectiveness of target distance and color of background lighting. Moreover, the results also have implications for the design of human-machine interfaces and are relevant both for product design and information design pertaining to websites. These results are particularly pertinent for situations in which a user is required to respond to a signal by making a reaching movement toward a button or an icon. Further studies are needed to investigate whether these findings generalize to distal pointing tasks (such as direct touching using touch screens or indirect cursor control using a mouse) and to reaching movement tasks in which the target has varied characteristics such as size or color; these would be particularly relevant because there are several domains in which high-frequency color stimuli are combined with reaching tasks, such as in the utilization of a tablet or smartphone.
